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FULL-SCALE FORCE AND PEBSSUEB-DISTEIBUTION TESTS 
ON A TAPERED U.S.A. 45 AIRFOIL 
By John P. Parsons 



SUMMARY 



This report presents the results of force and pres- 
sure— distribution tests on a 2:1 tapered U.S.A. 45 air- 
foil as determined in the full-scale wind tunnel. The 
airfoil has a cons t ant- cho rd center section and rounded 
tips and is tapered in thickness from 18 percent at the 
root to 9 percent at the tip* Force tests were made 
throughout a Reynolds Number range of approximately 
2,000,000 to 8,000,000 providing data on the scale effect 
in addition to the conventional characteristics. Pressure- 
distribution data were obtained from tests at a Reynolds 
Number of approximately 4,000,000. The aerodynamic char- 
acteristics given by the usual dimensionless coefficients 
are presented graphically. 



INTRODUCTION 



For a portion of an extensive wing- fuselage interfer- 
ence program being carried out in the i T .A.C.A. full-scale 
wind tunnel, it was necessary to obtain pressure-distri- 
bution and force tests upon a tapered U.S.A. 45 airfoil. 
This particular airfoil section is a feature of the air- 
plane used in the main investigation; otherwise a more 
commonly used section would have been choson. The paucity 
of full— scale information on the aerodynamic characteris- 
tics of tapered airfoils warrants the presentation of 
these data as a report separate from the results of the 
wing- fuselage int erf cr en ce invest igat ion. 
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APPARATUS 



Airfoil »~ Ihe airfoil, constructed primarily to con- 
form with the requirements of a wing** fuselage interfer- 
ence investigation is of standard wood and fabric aircraft 
construction. Prise-type ailerons, each comprising 5.1 
percent of the total area, were incorporated in the air- 
foil. 

The airfoil (fig. l) has a span of 45.75 feet, an as- 
pect ratio of 5.20, and a mean chord of 7 .38 feet; the 
area is 337.5 square feet. A constant- chord center sec- 
tion extends 10.7 percent of the somispan from the center 
line of the airfoil. The plan form, from the center sec- 
tion out "board, is determined "by a "basic trapezoid tapered 
2:1; the rounded tips arc formed within the trapezoid. 
An additional trapezoid, in a plane including the quarter- 
chord points and perpendicular to the "basic plan-form 
trapezoid, determines the thickness taper outboard of the 
center section. A geometric .similarity is maintained "be- 
tween the mean lines of the root and tip section profiles 
of the basic trapezoid and the mean line o.f the roo/t sec- 
tion profile of a U.S.A. 45 airfoil. The desired profile 
thickness Is obtained by varying the thickness of the orig- 
inal jorofile about its mean line. The thickness taper in 
percentage of the cliord is from 18 percent at the root to 
9 percent at the tip of the basic trapezoid. The ordi- 
nates of the root section of the airfoil are given in ta- 
ble I. Sections between the root and station 334.5 were 
formed by using st raight- line elements between correspond- 
ing points on the root and tip sections of the basic trap- 
ezoid. All 25-percent-chord points on the uppor surface 
of the airfoil between stations 234.5 lie on a straight 
line perpendicular to the plane of symmetry, ^rom sta- 
tions 234.5 outboard, the thickness at the 25-percent- 
chord points departs equally, top and bottom, from the 
ba s ie- thickne s s trapezoid and the thickness ratios are 
identical with those of the corresponding sections of the 
basic trapezoids. 

The airfoil was designed with the chords of all the 
sections parallel. A slight washout was, however, inad- 
vertently built into the structure, accounting for a max- 
imum deviation of section angle of less than 0.3 from the 
average angle of attack of the airfoil. A tolerance of 
±l/l6 inch in section profile was specified and errors in 
construction were found to be within these limits. 
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For the purpose of pressure-distribution testing, 68 
pairs of standard h.A.C.A. pressure orifices were in- 
stalled, in special pressure-orifice ribs, at eigbtt posi- 
tions along the semispan. One orifice of eacli pair opened 
on the upper surface of the airfoil, the other, on the 
lower surface. These pairs of orifices were arranged 
along the chord in such a manner as to facilitate fairing 
of the pressure diagrams. The lateral, or spanwise, lo- 
cation of the pressure orifice rows is shown in figure 1« 

] [anoia e t ere • - A pair of mu 1 1 ip 1 e- 1 ul>e recording manom- 
eters of the liquid type (fig* 2) were used to measure si- 
multaneously the pressures at the orifices. Each manome- 
ter was composed of a circular bank of 100 glass tubes. 
One end of each tube was immersed in a closed reservoir 
containing carbon tetrachloride; the other end was con- 
nected to the pressure orifice through aluminum and rubber 
tubing. An initial pressure was imposed upon the carbon 
tetrachloride in the reservoir to raise the static level 
of the liquid to a height sufficient to enable the record- 
ing of both the positive and negative press tires of the or- 
der of magnitude encountered* photostat paper was aiito- 
matically drawn around the outer circumference of the bank 
of tubes and the oxposuro made by flashing a vertical neon 
lamp located at the center of the bank. It was thus pos- 
sible with the two manometers to record simultaneously the 
pressure heads produced by the aerodynamic pressures at 
all the orifices. The aluminum tubing from each of the 
pressure orifices was collected inside the airfoil and was 
led, in the form of a strut, through the lower surface of 
the airfoil at the plane of symmetry to the two manometers 
located in the balance house below. 

lunnel «- The tests were conducted in the IT.A.C.A. 
full-scale wind tunnel. A description of the tunnel, 
balances, and auxiliary apparatus is given in reference 1. 
Figure 3 shows the airfoil mounted on the balance for the 
force tests. 

TESTS 



The pressure-distribution tests were run at a Reynolds 
timber of approximately 4,000,000 based upon the mean chord 
of the airfoil (7.38 feet) as a characteristic length. 
Four exposures, i.e., four distinct series of pressure 
measurements, were made at each of nine angles throughout 
an ang 1 o- o f - a 1 1 a ok range of -4° to 24°. An average of 
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the?fe. four readings, for each orifice, was used in plot- 
ting the pressure diagrams. 

Lift, drag, and pitching* - moment measurements coin- 
prised the force tests on the airfoil during which data 
were obtained -throughout an angle-? of -attack range of -8° 
to 26° at Reynolds Numbers varying from appro xinat ely 
2,000,000 to . 5,000 ,000. In addition, tests to determine 
the scale effect upon minimum drag, the angle of zero 
lift, slope of the lift curve, and the value of the pitch- 
ing-moinent coefficient at zero lift were made over a short 
range of angle of attack (-8.0° to 0.8 C ) in the neighbor- 
hood of minimum drag, at Reynolds Numbers up to 8,000,000, 
All. tests were made with the airfoil at 0° yaw and roll 
and wi-th the ailerons locked at 0° relative to the air- 
foil. The test procedure is detailed in reference 2« 



RESULTS 



The results of the tests, in the usual form of dimen- 
sionless coefficients, are presented graphically in fig- 
ures 4 to 9. All test results have been corrected for the 
influence of the jet boundary, support interference, and 
for the effect of blocking as detailed in references 2 
and 3. Average air-stream angle and dynamic-pressure cor- 
rections were applied to the force-test results; local 
air-stream angle and dynamic pressures at each orifice rib 
were considered in computing the pressure-distribution 
data. 

?_°?L_Q.e . t.est_s.- Figure 4 presents the coefficients 
plotted against angle of attack for a Reynolds Number of 
appro ximat ely 5 ,000 ,000 . The pitching- moment coefficient s 
are referred to the axis about which the coefficient, 
based on the mean chord, is constant over a considerable 
range of angle of attacks The intersection of this axis 
with the plane of symmetry of the airfoil is termed the 
"aerodynamic center", giving rise to the designation of 
the pit ching-monent coefficient as C™ • The location of 

this axis is given, with reference to the root chord, in 
figure 4. 

The variation of the airfoil characteristics over a 
large range of Reynolds Numbers is shown in figure 5. 

Scale effect upon the effective profile-drag coeffi- 
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cient Cj)^ is shown in figure 6. The coefficient defined 



"by C-q = Cj) - C l 2 /d.20tt was- chosen to facilitate a com-- 

parison with other airfoils. This arbitrary coefficient 
is "based upon an elliptical wing loading and can "be used 
correctly only on airfoils of aspect ratio 6.20. A com- 
parison with airfoils of different aspect- ratio may "be ef- 
fected with little error at low values of C^. 

Pressure distri c t i&n« ; * The normal-force and p itching- 
moment coefficients and the longitudinal and lateral loca- 
tions of the center of pressure for the entire wing are 
plotted against the angle of attack to present the results 
of ; the pres sure— dist rl out ion tests*- In addition to the 
preceding plots, span-load diagrams are given. 

The- values of normal-force .coefficient Gjj .and of 
longitudinal cent er-of-pres sure location were determined 
for each section from the pressure diagrams, orifice pres- 
sure against section chord, as follows: 

P - A 

• ' ' Ma 

■' Longitudinal c.p. from quart er-cno rd point = — 
where A is the integrated area of the pressure diagram. 

l£^i integrated moment of area of the pressure dia- 
gram a "bout the quarter point of the section 
cho rd. 

c, section chord. 

q, dynamic pressure. 

Thq relative normal loadings K, expressed in non- 
dimensional- form, at the various sections are plotted 
against the sernispan in figure 7. When the chord varies 
along, the sernispan, the coefficient Ojt does not repre- 
sent the span loads; and it "becomes necessary to use a 
coefficient K defined "by 

£ = g sect ion chord 
^ sernispan 
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Values of the normal-force coefficient Cjp the 
pit eking- moment coefficient about the quart er~ chord point, 
the longitudinal contcr-of-precsiiro location in percent of 
the root chord from the leading edgo of the root chord, and 
the lateral cent er-of-pres sure location in percont of the 
semispan from the piano of symmetry for the whole wing, as 
derived from the pressure plots, are presented in figure 
8 and were determined as follows: 

On = -~r Lateral c.p. = - X ~ 

a „ S A 1 b 

4 o 



c 



A" 1 Cm c/4 

3m c/4 = — g-T Longitudinal c.p. = £ ~ X — 

' q - c « 



where A f is the integrated area of the semispan load 
diagram. 

Ma» , integrated moment of area of the semispan 
load diagram about the plane of symmetry* 



A" , integrated area of the semispan moment dia- 
gram; the section pitching moments about the 
quarter-chord point were computed from sec- 
tion Ctj and c.p. positions and plotted 

against the semispan, 
S, total airfoil area. 

"b, airfoil span. 

— S 
c, mean chord of airfoil, — • 

D 

c ! , root chord of airfoil. 



It is to "be noted that the longitudinal center-of~ 
pressure locations and the pit ching-moment coefficients 
about the quarter-chord points have "been determined con- 
sidering only the normal forces; i.e., the chord forces 
on the airfoil have "been neglected. The preceding data 
have "been corrected for local air-stream angle and dynam- 
ic pressure as well as for wing washout and may "be consid- 
ered as applying to an unwarpod airfoil in a steady recti- 
linear flow. 
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A comparison' between force and pressure-distribution 
tests at the sane Reynolds- Uumber is afforded in figure' 9. 
For this comparison the results of the pr es surO— distribu- 
tion 1 * test have been corrected to the conditions of the 
force test; i.e., the various sections have been consid- 
ered as working under the same conditions as in the force 
test, with washout and at varying angles of attack. Again, 
as in the previous data, the values of longitudinal center- 
of-pressure location and pit ching- moment coefficients are 
based solely upon the normal forces. 



DISCUSSION 



An inspection of figure 4 indicates no extreme varia- 
tion from the normal trend of aerodynamic characteristics. 
It will be noticed that the lift curve deviates only slight- 
ly from a linear function of the angle of attack until a 
sharp break occurs at the stall, which, at a Reynolds num- 
ber of approximately 5,000,000, occurs at a = 16.2° and 

a value of Ct. = 1.365. The ditching-moment coefficient 
■"max - 

^ m ac rer;;ains constant at a value of -0.041 from slightly 

below the angle of zero lift (-3.9°) to the angle of stall. 
A normal cent er- of -pressure travel and a value of (L/D) max 
of 21*5 further characterizes this airfoil. 

Scale effect upon the tapered U.S.A. 45 airfoil (fig. 
5) exhibits the same tendencies as it does on the rectan- 
gular Clark Y airfoil of reference 2. A large variation 

in Ct> , C T , and cu with scale, at low Reynolds 

S nin W . C L nas 

Ilumbers is evident and a "flattening out," or asymptotic 
tendency, occurs at high Reynolds ITumbers. The effect up- 
on l/d, Cn j Ct~i = 0, and &C-/&CC is snail with these 

quantities reaching asymptotic values within the range of 

Reynolds Numbers investigated. The scale effect on 

Cm is similar tc that on C-n . , a value of 0.C095 

J e nin Pmin 

being attained at a Reynolds Humber of approximately 
5,000,000 (fig. 5). 

The relative loading along the semispan for the un- 
twisted airfoil in a uniform velocity field at a Reynolds 
Number. of approximately 4,000,000 (fig. 7) for angles be- 
low the stall is light at the tips and approaches a lin- 



..C.A. Technical Koto Ho • 521 



ear function of the span over the tapered portion of the 
airfoil. A sharp break In loading at the center section 
is evident and is, no doubt, due to the interrupted plan- 
form contour. This break might "be obviated and an im- 
provement in load obtained through an increase in the an- 
gle of attack of the center section relative to the remain- 
der of the airfoil. 

The normal-force coefficient for the entire airfoil 
C-kj exhibits the same tendency (fig. 8) as does the lift 

coefficient. The stall is at a = 15.7° and at a value 
of Cj.r = l,333t The longitudinal center of pressure based 

on Crr alone has a normal travel and reaches a maximum 

JL*.' 

forward position of 26.5 percent of the root chord. The 

pit ching-moment coefficient about the quar t er- cho rd point 

of the root chord C~, / A , "based on C-yr and the mean chord, 

m c j 4 u 

increases from -0,042 at a = 0° to -C.025 and then de- 
creases abruptly at the stall to a constant value of 
-0.075 beyond the stall. The lateral cent er-of-pressur e 
location is practically constant at approximately 43 per- 
cent of the semispan from the plane of symmetry, through- 
out the flight range, moving toward the tip just beyond 
the stall and then receding slowly. 

The comparison of force and pr es sur c-di st r i "but ion 
tests, at a Ze; _ nolds ITumber of approximately 4,000,000 as 
given in figure 9, shows the two methods to be in excel- 
lent agreement, providing Just if icat ion for the depend- 
ence upon full-scale pr es sure-dist ribut ion data. 

Application of these data to flight conditions with- 
out correction is "believed justifiable in view of the 
small degree of turbulence in the wind tunnel (reference 

2). For the C T and a** characteristics, which 

L nax °hmax 

have not reached an asymptotic value in the range of 
Reynolds Numbers investigated, the range will probably he 
sufficient for most flight conditions. For any value of 
below the stall s the scale effect upon the pitching- 

moment coefficient, about the root quarter-chord point, 
is slight above a Reynolds Number of 4,000,000. It is 
then reasonable to ex-poct that the distribution of load 
at each section remains essentially constant at any one 
value of Cj, for Reynolds Numbers greater than 4,000,000. 

From the foregoing, the application of the pre s sur e-di s- 
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tribution data obtained at a Reynolds Humber of approxi- 
mately 4,000,000 to a larger Reynolds Number seems per- 
missible when the airfoil is in an installed attitude. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , February 20, 1935. 
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TABLE I 
TAPERED U.S.A. 45 AIRFOIL 
Specified Section Ordinates, Root Section 



Root - Station 29.5 
Chord as 116 inches 



Thickness == 18 percent 



Stat ion 


Upper 


Lower 


0 


1. 63 


1.63 


1.25 


4.71 


■ ' -.04 " 


2.50 


6.20 


1 -.6?' 


5.00 


" 8.63 


1 -1.52 


7.50 


10.45 


-2.05 


10.00 


11.70 


-2.50 


15.00 


13. '2 2 


-3.20 


1 20.00 


14.11 


l -3,51 


25.00 


14.38 


-3. 62 


30.00 


14.24 


-3. 58 


40.00 


13.13 


-3. 61 


50.00 


11.08 


-3.40 


60 .00 


S.60 


-3.00 


70.00 


7.47 


-2.44 


80.00 


5.11 


-1.73 


90.00 


2.59 


— -7927 


S5.00 


1.27 


- .45 


100.00 


o 


0 







Section ordinates in percent chord 
Stations in percent chord from L.E. 
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Station 


Chord 


A 


B 


234.5 
244.5 
254.5 
264.5 
274.5 


67.47 
63.70 
56.40 
43.40 
0 


0 

0.52 
2.88 
8.20 
29.00 


0 

0.05 
.35 
1.20 
3.15 


ill di 


mensions are in 



inohes 

Figure 1.- Tapered U.8.A.45 airfoil. Plan form and orifice location. 




Figure 6.- Variation of effective-profile-drag coefficient with lift coefficient of the 

tapered U.S. A. 45 airfoil. 8ize. 7.38'(mean chord) by 45.75'. Results corrected 
for tunnel effects. F.8.W.T. 
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Figs. 2,3 




Figure 2.- 
Manometer 
installation 
for tapered 
U.S.A. 45 
airfoil. 






Figure 3.- 
The tapered 
U.S.A. 45 
airfoil 
mounted on 
the tunnel 
balance. 




Figure 4.- Characteristics of the tapered U.S. A. 45 airfoil as determined by force tests. 

Velocity: 112.3 ft. /sec Av. Reynolds lumber : 5, 030,000. 8i£e; 7.38' (mean chord) by 
45.75' . Results corrected for tunnel effects. F.8.W.T. 
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Sta. 314.5 section 
k Root chord 



Fig. 5 
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Figure 5.- Scale effect on tapered U.S. A. 45 airfoil. Size: 7.38' (mean chord) by 
45.75*. Results corrected for tunnel effects. F.8.W.T. 




Figure 7.- The eemiepan load diagram of the U.S. A. 45 tapered airfoil. Size: 7.38* (mean ohord) by 45.75'. Average ReynoldB 
Humber:4,183,000. Results corrected for tunnel effeote. F.S.W.T. 
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Figure 8.- The character 1 st ics, as determined by Figure 9.- Comparison of results of force and 

pressure-distribution tests, of the pressure-distribution tests of the **i 

tapered U.S.A. 45 airfoil. tapered U.S.A. 45 airfoil g" 

Av. Reynolds Number: 4,183,000. Size: 7.38' (mean chord) by 45.75'. Results corrected for tunnel effects. 

F.S.W.T. cd 



